ABSTRACT Gradients in molecular abundances along the TMC-1 ridge have been observed by several authors, most recently in a comprehensive study by Pratap et al. These can be explained by there being a di †er-ence in density, C/O ratio, or chemical evolutionary state along the ridge. The presence at the carbonrich "" cyanopolyyne peak ÏÏ (CP) of speciÐc oxygen-bearing molecules, believed to be products of grain surface reactions, leads us to investigate the possibility that the gradients are produced following the removal of icy grain mantles. We identify the mantle removal mechanism as the explosive desorption of photolyzed ices, induced by MHD waves as they propagate within the cloud. By identifying the protostellar object IRAS 04381]2540 as the source of these waves, we have constructed a dynamical-chemical model for the evolution of the TMC-1 ridge. The results of detailed chemical kinetic calculations are presented. We Ðnd that injection into the gas phase of the carbon-bearing species and C 2 H 2 ,C 2 H 4 CH 4 can transiently enhance the production of many organic molecules, particularly the cyanopolyynes and polyacetylenes, and hence that the observed gradients can indeed be produced in this model. We suggest that other mantle-driven reaction pathways, involving formation of methylated chains (e.g., by CH 3 C 3 N) gas phase methyl cation transfer, as well as formation of carbenes and suboxides by fragmentation of surface-formed cumulenone compounds, might explain the presence of many other organic molecules in TMC-1. In our view the current chemical state of TMC-1 reÑects a transient phase that accompanies the earliest epochs of low-mass formation and that regions rich in organic molecules should be observable around known "" Class 0 ÏÏ protostellar sources and be o †set from them by about an ion-neutral damping length. Molecular clumps in dense cores should also show structure on this scale-length.
INTRODUCTION
The small, dark interstellar cloud TMC-1 is a dense, quiescent ridge of gas that runs southeast to northwest in the Heiles Cloud 2 complex of dark interstellar dust clouds, at a distance of 140 pc. The combination of low temperature and rotational energy level structure makes it easier to detect linear as opposed to nonlinear molecules, and many carbon chain species have been detected, (see Table 1 ), the most recent of which is Neininger, & Cerni-C 5 N (Gue lin, charo 1998). Many of the molecules observed in TMC-1 exhibit gradients in abundances. The carbon-chain species peak the southeastern end of the ridge, shown schematically in Figure 1 , a region that has become known as the CP (for cyanopolyyne) peak, whereas the ammonia column density is highest at the northwestern end, referred to as the NH 3 peak (see Olano, Walmsley, & Wilson 1988) .There are other chemical species for which similar trends are seen. A comprehensive study by Pratap et al. (1997) , in which abundances are measured relative to HCO`, shows abundance gradients for several molecules. Obtaining a consistent explanation for the origin of the organic molecules and the spatial abundance gradients is a major unsolved problem in astrochemistry and consequently has been the focus of much theoretical e †ort.
Based on the results of gas phase, time-dependent kinetic models, three possible explanations have been advanced :
1. The CP peak may be younger than the peak, so NH 3 there is a gradient in chemical evolutionary state along the ridge (e.g., van Dishoeck et al. 1993 ).
2. There may a gradient in the C/O ratio along the ridge, it being greater toward the CP peak (e.g., Bergin, Snell, & Goldsmith 1996) .
3. suggest a density gradient along the ridge, with the peak slightly denser than the CP NH 3 peak.
These three possible explanations are similar. As a dark cloud such as TMC-1 evolves, carbon becomes locked up in the stable CO molecule. To make complex carbon species requires carbon to be present in a reactive form in the gas phase, and so these species will be more abundant at earlier times in the cloudÏs history before the carbon is locked up in CO. Varying the C/O ratio along the ridge has the same e †ect because it means more carbon will be available in a reactive form. Increasing the density has a similar e †ect because then the chemistry evolves more rapidly.
In our view, however, the overwhelming dominance of organic chemistry and the observed abundance gradients have a common cause. A key factor in identifying this cause comes from the detection of several oxygen-bearing organic molecules at the CP peak, which, apart from methanol, all contain the carbonyl (CxO) group. Charnley (1997 Charnley ( , 1999a has proposed a theory of grain surface chemistry that involves the conversion of CO to HCO followed by carbon chain growth and hydrogenation. In this picture, the organic composition of dark cloud ice mantles includes a variety of unsaturated cumulenone carbon-chains whereas, in star-forming regions, the mantles are dominated by alcohols produced from the hydrogenation of these chains, i.e., the only di †erence is the degree of reduction. Several of the oxygen-bearing molecules formed in this scheme are precisely those present at the CP : HNCO, CH 2 CO, CH 3 CHO, and
The gas-phase detection of O-H 2 CO, HC 2 CHO. bearing molecules formed readily on grains implies that grain mantles have been disrupted at the CP peak (Charnley 1999b) and that the organic chemistry observed there is driven by the dominant carbon-bearing mantle species :
Here we adopt the view that the CH 4 ,C 2 H 2 ,C 2 H 4 . trigger for such mantle disruption is grain-grain collisions induced by MHD waves propagating down the ridge Alfve n away from the IRAS source that is seen toward the northwest.
The model is therefore a further variation of the chemical evolution argument because the waves will pass the NH 3 peak Ðrst, and so the resulting chemistry will be more advanced there. However, the scenario under consideration here has one distinct advantage over the others described above, which is that the presence of the IRAS source and the chemistry of both the and CP peaks are causally NH 3 connected. While Williams & Hartquist (1991) have previously considered the e †ect of the IRAS source on the chemistry in TMC-1 using dynamical cycling, in our model the abundance gradients along the TMC-1 ridge arise as a direct consequence of a physical event, the passing of Alfve n waves. It is also consistent with the observation that the deuterium fractionation in decreases (Charnley & N 2 HB utner 1995 ; Butner & Charnley 2000, in preparation) due to the destruction of in the ion-neutral streaming H 2 Dc aused by low amplitude waves (Charnley 1998) proAlfve n pagating in TMC-1. The rapid injection of mantle material caused by wave propagation also has the signiÐcant Alfve n advantage of building in a spatial scale, the damping length to the physical process by which removal of mantle L ni , material occurs. Other desorption mechanisms applicable to quiescent gas, for example cosmic-rayÈinduced desorption et al. 1985) , or involving the formation of (Le ger H 2 (Willacy, Williams, & Duley 1994) , are nonspeciÐc in terms of location within the cloud and would tend to produce uniformity in spatial distributions.
DESCRIPTION OF THE MODEL
During the formation of the protostellar core IRAS 04381]2540, the contracting, rotating core lost angular momentum through the propagation of torsional MHD (i.e., waves into the cloud envelope (see MouschoAlfve n) vias 1987). Assuming that IRAS 04381]2540 is a source of MHD waves, we consider how these waves may propagate within the TMC-1 ridge.
W ave Propagation 2.1. Alfve n The dissipation time of waves due to ion-neutral Alfve n damping is given, to within 10%, by (Charnley 1998) :
where is the molecular hydrogen density in units of 104 n 4 molecules cm~3 and is the fractional abundance of x~7 electrons in units of 10~7. The velocity, is given Alfve n v A , by (Zweibel & Josafatsson 1983) :
where is the magnitude of the magnetic Ðeld in units of B 100 100 kG. These expressions give rise to the dissipation length over which chemical e †ects may be realized. Thus :
For typical values in a dense clump of gas, B 100 \ 1.5, n 4 \ 1, cm. Thus waves
Alfve n cannot propagate much further in a dense medium. Such high B values have been inferred for the Taurus cloud (see Troland et al. 1996) and are consistent with scaling a 30 kG Ðeld at to the TMC-1 conditions. In dense gas, n 4 \ 0.1 x P n~1 and is independent of density. In more di †use, L ni or interclump, gas the dissipation length increases. Using the scaling laws B P n1@2, x P n~1@2, we Ðnd that L ni P n~1@2 so that waves propagate further than in dense gas.
Various molecular line maps of TMC-1 show that the embedded IRAS source (04381]2540) is situated slightly southwest of the main ridge of the cloud and 2 arcmin, or 2.4 ] 1017 cm from the peak and 9.6 ] 1017 cm from NH 3 the CP peak (Pratap et al. 1997 ; Hirahara et al. 1995) . Vol. 535 Although wave activity generated by the IRAS source can interact with the peak within 2 damping lengths, such NH 3 waves could not inÑuence the CP peak if the density is uniformly high. However, the maps show that waves emitted isotropically from the IRAS source will traverse a region of much lower density before they impact the dense ridge gas to the southeast. Alternatively, high spatial resolution studies of CCS at the CP peak by Peng et al. (1998) Ðnd some 45 separate clumps of gas. These have typical sizes of D0.05 pc or 1.5 ] 1017 cm, i.e., very similar to the dissipation length. Thus waves generated by IRAS 04381 can travel, essentially undamped, between the clumps or in the intercloud medium. For a clump/interclump density ratio of 200, we Ðnd a timescale of 1.5 ] 105 yr for km s~1 to reach the CP peak and a dissipation v A B 2 length in excess of 1018 cm. Hence, only the presence of low-density gas either without or within the TMC-1 ridge allows IRAS 04381 and the CP region to be causally connected.
Although in our scenario a spectrum of waves is Alfve n generated by IRAS 04381 and is dissipated in a clump thereby causing chemical activity, other sources of waves exist. One possibility is that clump-clump interactions generate waves. In this case the amount of wave activity Alfve n should be directly related to the number of clumps present, again favoring the occurrence of these e †ects in the ridge gas at the CP peak.
W ave-induced Mantle Explosions
We now seek to identify a plausible mantle removal mechanism, with the proviso that it should be able to be locally triggered, almost instantaneously, by the passage of MHD waves. The fact that we wish to explain spatial abundance variations and construct a causal chemical history of TMC-1 based on IRAS 04831 as a source of MHD waves leads us to discount, for reasons given above, most desorption mechanisms previously proposed for quiescent dense gas (see Willacy & Millar 1998 for a review). W e identify the removal mechanism as the spontaneous explosion of UVphotolyzed grain mantles, triggered by heating of dust grains and their ice mantles in grain-grain collisions induced by MHD waves.
Greenberg and his collaborators originated, demonstrated, and developed, the idea that UV photons would partially dissociate molecular ice mantles, producing radical fragments, which are then immobilized and trapped within the ice matrix (Greenberg & Yencha 1973 ; Greenberg 1979 ; dÏHendecourt et al. 1985 ; Schutte & Greenberg 1991 ; Shalabiea & Greenberg 1994) . Experiments show that maximum radical concentrations of about 1%È3% of the total mantle material are possible in predominately water ice (dÏHendecourt et al. 1985 ; Schutte & Greenberg 1991) . When the photolyzed ices are heated, radicals can di †use throughout the matrix until they meet and recombine in highly exothermic reactions. Below a critical temperature, radiative and evaporative cooling, as well as thermal T crit , conduction to the grain core, can compete with chemical heating and consequently the mantle temperature remains low. Above however, chemical heating outstrips T crit , cooling and causes the mantle temperature to increase, leading to higher radical di †usion and annihilation rates, and so to a thermal runaway, or explosion, after which most of the volatile material has been lost from the grain. For radical concentrations of about 1%, lies in the range T crit 24È28 K (Schutte & Greenberg 1991) .
Two mechanisms have been proposed for achieving dust temperatures in excess of in cold dark clouds. First, T crit dÏHendecourt et al. (1985) suggested that grain-grain collisions due to cloud turbulence could lead to mantle explosions and so continually recycle molecules between gas and dust. For a critical temperature of 27 K, dÏHendecourt et al. showed that only modest grain relative velocities, in the range 0.04È0.1 km s~1, would be sufficient to initiate explosion. Alternatively, et al. (1985) showed that bomLe ger bardment and heating of grains by heavy cosmic rays (i.e., Fe) could also trigger mantle explosions.
We note that grain-plus-mantle heating to just less than the triggering temperature, 23 K say, could thermally desorb many of the abundant volatiles such as CO and N 2 . However, based on the distribution of binding energies expected from the results of Nakagawa (1980) , much higher collision energies would be needed in TMC-1 to thermally desorb HNCO, and i.e., to clean CH 3 OH, CH 3 CHO, H 2 O, the grains of ices. In any case, experiments (Sandford & Allamandola 1993) indicate that binding energies for pure substances (e.g., CO on CO), as studied by Nakagawa, are generally much less than for mixed systems (e.g., CO on
Since the latter case is probably most applicable for H 2 O). dark cloud ices, mantle explosions o †er a means of cleaning grains of even their most tightly absorbed molecules. We further note that neutral-grain sputtering will be negligible in these wavesÈthe collision energies are far below the threshold for sputtering (see Flower & Pineau des Foü rets 1994 and below).
We now consider the mantle formation, photolysis and dynamical timescales, as well as the wave properties, to see how realistically this scenario can be applied to TMC-1. The high extinction and lack of bright stars in TMC-1 means that we can rule out mantle photolysis both involving UV photons from the external ISM or from embedded stellar radiation. In TMC-1 mantle photolysis will be due to the weak UV Ñux generated internally from the PrasadTarafdar mechanism (Prasad & Tarafdar 1983) ; F UV \ 1400 photons cm~2 s~1 for photon energies above 6.2 eV. Grain mantles can be removed by a microscopic explosion if sufficient quantities of radical species are present in the mantle and so we now estimate the radical fractions of the TMC-1 mantles.
If the chemistry is initiated by MHD waves emanating from IRAS 04381, a key timescale is the formation time of this protostar. If IRAS 04381 formed through a dynamical collapse, on the free-fall time following loss of magnetic t ff , support due to ambipolar di †usion, over a time then t AD , the material in the TMC-1 ridge is at least as old as t AD At 10 K, it takes a time to form a water ice mantle ] t ff . t m of thickness d microns by hydrogenation of accreted oxygen atoms, and we may write (see Wickramasinghe 1967 ; Jones & Williams 1984) 
yr where is the material density of the ice, is the gas o ice n O number density of atomic oxygen (we take n O \ 5 cm~3 in TMC-1), and S is the sticking effi-] 10~5n H B 1 ciency. As we assume that the entire TMC-1 ridge evolved contemporaneously prior to formation of IRAS 04381, the ridge has been forming ice mantles as long as it has taken the protostar to form, hence Cohen & Kuhi (1979) , whereas the mantle thickness is comparable with that derived from ice observations in Taurus (Whittet et al. 1983) . Note that the above analysis yields d in excess of 0.1 km for 6 ] 106 yr, as suggested by the Taurus observations of Smith, Sellgren, & Brooke (1993) . An ice mantle of thickness d on a spherical grain core of nominal radius a contains on average W water molecules, where
where is the volume of amorp- and subject to t m , the Prasad-Tarafdar Ñux, contain a fractional radical concentration of given by (Schutte & Greenberg 1991) 
where is the absorption cross section for UV photop UV dissociation (2 ] 10~18 cm2 for photon energies above 6.9 eV) and is the maximum radical fraction possible in the v max mantle, estimated from laboratory experiments to be B2.5 ] 10~2 (Schutte & Greenberg 1991) . Evaluating the above expression, we Ðnd for yr v(t m ) Bv max t m B 1.4 ] 106 and therefore conclude that the entire TMC-1 ridge contained a population of radical-rich mantles, primed to explode, at about the time the protostar IRAS 04381 formed.
In dark clouds most of the dust grains will be negatively charged with about 10% of the remainder being neutral (Umebayashi & Nakano 1990) . The charged grains feel magnetic disturbances and will drift relative to the neutral grains, adding a nonthermal contribution to their collision energies. We now address the issue of the likelihood of MHD waves inducing grain-grain drift speeds, that are v D , sufficiently large to trigger the explosion of the photolyzed mantles.
The amount of energy needed to raise a mantled dust grain from 10 K to is et al. 1985) T crit (Le ger
and so we require
TMC-1 mantles considered above will be raised to T crit \ 27 K, and explode, if exceeds about 0.097 km s~1. This v D value is in good agreement with previous estimates (dÏHendecourt et al. 1985) . Roberge, Hanany, & Messinger (1995) Charnley 1998 ; Butner & Charnley 1999, in preparation) and is consistent with the drift speeds tentatively detected in cloud cores by Greaves and Holland (1999) . Butner & Charnley (1999) We conclude that the physical conditions in TMC-1 could lead to the formation of radicals in the ice mantles and that MHD waves could permit rapid desorption from many grains and produce high abundances of mantle molecules, over scales of a few L ni .
T he Chemical Model
The chemical model we have developed is a one point model consisting of 390 gas phase molecular species connected by a network of 3876 reactions. The reaction set is based on the UMIST RATE95 database (Millar, Farquhar, & Willacy 1997) , with some modiÐcations to neutralneutral reactions (Bettens, Lee, & Herbst 1995) and the inclusion of the new low temperature (15 K) rates for C 2 H radical reactions (Chastaing et al. 1998 ). The species set includes polyynes up to and cyanopolyynes up to C 9 H The model is run for 108 yr using the physical HC 9 N. parameters and initial abundances detailed in Tables 2 and  3 to reach a typical steady state composition. At this time, quantities of and are injected to H 2 O, CH 4 ,C 2 H 2 ,C 2 H 4 simulate the desorption of the ice mantles (Table 3 ) and the model is run for a further 106 yr. Such species can be either accreted directly on to the grains or synthesized on the surface (Brown & Charnley 1990 ; Tielens 1992) early in the chemical history of a cloud like TMC-1. The sudden injection of these ancestral hydrocarbons into the gas can promote complex molecule formation, despite rapid destruction by neutral reactions. Note that calculations involving continous injection of only methane cannot reproduce the chemical abundances at the CP (Brown & Charn- 
RESULTS
Figures 2È4 show the variation of fractional abundances with time before and after desorption in the model for various species observed in TMC-1. To convert the information in these curves into gradients along the ridge between the CP and peaks requires knowledge of (1) NH 3 the relative age of the two peaks and (2) the absolute age of one of the peaks.
Assuming that the two peaks are both at a distance of 140 pc, their linear separation can be readily found from their positions to be 9.6 ] 1017 cm. Then, given a wave propagation speed along the ridge, the relative age of the two peaks can be found. A speed of 2 km s~1 makes the ammonia peak 1.5 ] 105 yr older than the CP peak. The time in the model corresponding to the chemical state at the CP peak has to be after the time when the abundances of the cyanopolyyne species peak, because otherwise the gradients would go the wrong way and the CP species would be more abundant toward the peak. Therefore, the absolute age of the CP NH 3   FIG. 2 .ÈVariation of fractional abundances in the model of some species observed in TMC-1 before (left-hand panels) and after (right-hand panels) mantle desorption. peak has been chosen to be 3.0 ] 105 yr, and so the ammonia peak is at a time of 4.5 ] 105 yr. The gradients between these two points have been calculated and tabulated along with the gradients from other models in Table 4 . The gradients, following Pratap et al. (1997) , represent the change in log(abundance relative to HCO`), and furthermore have been scaled by the weighted mean of the 57 points at which observations were made and densities obtained along the ridge. The repetition of this rather complicated procedure here is necessary to compare directly the model with the observations. We Ðnd that our model gives good agreement with the observed gradients for most molecules, as indeed do the other models. In Table 4 , the italic value in each row indicates which model is closest to reproducing the observed gradient. The model under investigation here gives signiÐcantly better agreement for CN, and CH 3 CCH, CH 3 OH. Our model calculations also allow us to predict the gradients for several molecules that could be observed along the ridge in TMC-1. Our values are given in Table 5 and are discussed further in°4.3.
DISCUSSION
We now discuss the theoretical results as they apply to speciÐc molecules. Figure 5 gives a schematic picture of the destruction mechanisms for and after CH 4 ,C 2 H 2 ,C 2 H 4 injection into the gas phase. Destruction reactions mainly involve C`and proton transfer, as well as particular neutral-neutral reactions. The result is that reactive hydrocarbon ions, such as and neutral radicals, such as C 2 H 3 , are formed and react further to produce larger hydro-C 2 H, carbons. The time-dependent evolution of some simple hydrocarbons, including the post-injection evolution of and is shown in Figure 3 . Although the CH 4 ,C 2 H 2 C 2 H 4 , amount of water injected after mantle explosions is consistent with Gensheimer et al. (1996) , the presence of in H 2 O the gas phase has little e †ect on the organic chemistry and our results because it is the amount of reactive carbon which constrains this chemistry. Recently, observations of HOCO`in TMC-1 by Turner, Terzieva, & Herbst (1999) have suggested that a abundance consistent with CO 2 mantle desorption is required. While the desorption of CO 2 does a †ect the abundance of HOCO`, something we veriÐed in a model where was injected, it has little e †ect on CO 2 the chemistry under investigation here, or on our results, because there is no efficient pathway in the chemistry for the carbon to arrive in a position where it can signiÐcantly contribute to the formation of organic species.
4.1. Cyanopolyyne Species The curves for the cyanopolyyne species where HC n N n \ 3, 5, 7, 9, are plotted in Figure 4 . There are two peaks in the abundances of these species throughout the model. The Ðrst occurs before desorption at around 1.5 ] 105 yr ; the second peak comes after desorption. Table 6 compares the peak fractional abundances of these molecules in the model with the observed values at the CP peak. For we HC 3 N, adopt the fractional abundance of 1.6 ] 10~8 derived from the 13C isotopomer study by Takano et al. (1998) Ohishi & Kaifu (1998) but their value of 1.9 ] 10~10 for is signiÐcantly lower than the value HC 9 N of 7 ] 10~10 given by Ohishi & Kaifu (1998) . For our purposes we adopt a value of 4.5 ] 10~10. The fractional abundances have been derived from column densities by dividing by cm~2. N(H 2 ) \ 1022 From Table 6 , we conclude that the chemistry produced by the destruction of ice mantles increases the abundances of the cyanopolyyne species to levels closer to the observed FIG. 5.ÈMain destructions of and after their injec-CH 4 ,C 2 H 2 ,C 2 H 4 tion into the gas phase.
amounts at the CP peak. Cyanopolyyne chemistry in TMC-1 has been studied in detail by Winstanley & Nejad (1996) . They found that at early times (t ¹ 104 yr), the main chemical route for the formation of cyanopolyynes is the route leading to the reaction
Later, when t [ 104 yr, the main route is Figure 6 shows the total rate of formation of and HC 3 N as a function of time after injection of the mantle and HC 7 N also shows the contribution to the total of individual reactions. In our model, the former route dominates before injection. Immediately after injection, the reaction
is responsible for the substantial increase in the rate of formation. Observational evidence for the impor-HC 3 N tance of this reaction in TMC-1 comes from the extensive study of the 13C isotopomers of by Takano et al. HC 3 N (1998) who found that the 13C content is best explained by reactions involving 13CN and C 2 H 2 . Once formed, this then goes on to form the higher HC 3 N cyanopolyyne molecules by reactions with of the form C 2 H given above. The other route to the cyanopolyyne species NOTE.ÈAbundances relative to of cyano-H 2 , polyyne species at the CP peak, together with the two peak values in the model. "" Peak 1 ÏÏ is before mantle desorption and "" Peak 2 ÏÏ after. The abundances have been converted from column densities by dividing by cm~2 6 .ÈImportance of (left) and (right) formation reactions in the model after mantle desorption. Before desorption, in both cases the HC 3 NH C 7 N principal (always greater than 95%) formation reaction is dissociative recombination of ions. H 2 C n Nì nvolving dissociative recombination of ions is H 2 C n Np romoted via the reaction scheme shown in Figure 7 . The calculations show that the injection model gives an increase of 2 or more orders of magnitude in the fractional abundances of the cyanopolyynes when compared to the standard gas-phase model abundances. For and HC 3 N the abundances are within a factor of 2 of those HC 5 N, observed, while for the longer species, and HC 7 NH C 9 N, the calculated abundances fall increasingly lower than the observations. In part, this is due to the fact that the smaller cyanopolyynes are slightly lower than observed. Since the abundances of and both depend on that of HC 7 NH C 9 N better agreement for the latter would increase the HC 5 N, former abundances. While would then be within a HC 7 N factor of 5 of the observed value, that of would still HC 9 N be at least a factor of 30 too small. Although this is a large factor it could probably be accommodated within the uncertainties of the chemistry of these large species. Ohishi & Kaifu (1998) report that the column density of is greater than that of CS at the CP peak. dark cloud chemistry this is an unusual result (left-hand panel in Fig. 4) , and as such it forms a good test for the chemical models. In this model, we Ðnd that the chemical changes introduced by the desorption of grain mantles can indeed produce this result, as shown in the right-hand panel of Figure 4 .
CS and
Chemically, is formed by dissociative recombi-C 2 S nations of and ions. These routes are HC 2 S`,HC 3 S`C 4 Sè nhanced by mantle desorption because the formation of these ions depends ultimately on and
Sì s mainly produced from the ion via the C 4 S`C 4 H 3 sequence
where is formed by reaction schemes initiated by C 4 H 3 proton transfer between and and by C`reacting H 3 C 2 H 2 , with CH 4 :
, where as before the column densities have been converted by dividing by N(H 2 ) \ 1022 cm~2.Att \ 1.5 ] 105 yr after desorption in the model this
SigniÐcantly, this observation Ðxes the age of the chemistry at the CP peak to be in the period when f (C 2 S) [ coincidental with the times of the peak cyanopolyyne f (CS), abundances. This vindicates the initial assumption that the postdesorption chemistry at the CP peak is 3.0 ] 105 yr old.
Other Species
The calculated gradients for some molecular species which it may be of interest to observe along the ridge are given in Table 5 . The largest gradients predicted are for and and reÑect the fact that they are HC 5 N, C 3 H 2 ,C 4 H formed in the reactions initiated by the injected mantle mol-ecules. The smallest gradients arise from CH 3 CN, H 2 CO, and which are essentially una †ected by the injection H 2 CS, of the simple hydrocarbons. All of these species are readily observable in TMC-1 and could provide a good test of the model.
We now consider the origin of the remaining organic molecules present at the CP in the context of this theory.
Methyl Cation T ransfer Processes
The methanol abundance in TMC-1 (D2 ] 10~9 ; Ohishi & Kaifu 1998) is much lower than observed in regions of massive star formation hot cores (D10~7È10~6 ; e.g., Menten et al. 1988 ) but only a factor of 10 less than observed in dark clouds containing low-mass protostars (D10~8), such as B1 (Bachiller et al. 1990 ). In fact, Friberg et al. (1988) have suggested that their estimated methanol abundance of 2 ] 10~9 could be higher by a factor of a few.
As remarked upon above, this is probably due in large measure to the degree of mantle saturation, however, this does not rule out the possibility that the mantles originally disrupted at the CP contained more methanol and that gas phase reactions have "" eroded ÏÏ this pristine abundance. A similar picture has been proposed for the ethanol chemistry of hot cores ; in TMC-1 the methanol excess may have driven reaction sequences in which methyl cation transfer from protonated methanol produced several of the observed organics :
Methylation of the higher cyanopolyynes should therefore produce species such as and CH 3 C 5 NC H 3 C 7 N. To investigate this method of production for CH 3 C 3 N, the model was augmented to include desorption of methanol from the grains and the reaction
This reaction has been studied by Mautner & Karpas (1986) and has a measured rate coefficient of 4 ] 10~10 cm3 s~1, about a factor of 10 larger than typical methyl cation transfer processes. The results of this study are shown in Table 7 . Values approaching the observed amount of can CH 3 C 3 N only be obtained if the amount of methanol on the grains is NOTE.ÈAlso shown are the peak values before any injection, and after injection from the models with varying amounts of methanol injection. The abundance of methanol injected is shown as a percentage of the injected water abundance (\ 10~5 rel. H 2 ).
greater than 10% the amount of water, but this results in an abundance of gas phase methanol far in excess of what is observed. Therefore, either the observed abundances of methanol are gross underestimates, or this route to is not the dominant one and some other way must CH 3 C 3 N be found.
Cumulenone Fragmentation
Chemical fragmentation of large linear molecules formed on dust (Charnley 1997 (Charnley , 1999b , either acetylenic ketenes (HC4C[CH\C\C ,...,\C\C\O) or cumulenones ...,\C\C\O), by protonation (H 2 C\C\C\C\C, followed by dissociative electron recombination, could also be a source of some observed organics. Saturation of these linear chains leads to various aldehydes and alcohols but if carbon chain growth is favored over hydrogenation in the putative TMC-1 mantles, as evidenced by the low methanol abundance and lack of ethanol, then, upon injection into the gas phase, various interesting products could occur. For example, cumulenones, (n [ 2), such as propadie-H 2 C n O none (n \ 3), butatrieneone (n \ 4) and pentatetrenone (n \ 5) could decompose with several product branchings,
nd so produce several of the cumulene hydrocarbons (carbenes) and suboxides also found at TMC-1: CP. The investigation of detailed routes to these molecules through chain fragmentation will be the subject of a future paper.
CONCLUSIONS
We have investigated the possibility that the molecular abundance gradients observed along the TMC-1 ridge were caused by the explosive injection of grain mantles. We argue that this was triggered by a spectrum of waves proAlfve n pagating from the protostellar source IRAS 04381]2540, located toward the northwest of the ridge. We have developed a dynamical scenario for the chemical evolution of the TMC-1 ridge and calculated the post-injection gas phase chemistry throughout the ridge as waves from IRAS 04381]2540 are dissipated.
Injection of mantles containing simple hydrocarbons increases the abundances of cyanopolyyne species by orders of magnitude and suggests that this process could be signiÐ-cant for their formation. The chemistry following mantle desorption also leads to a CCS abundance that exceeds that of CS at the same time as the cyanopolyyne species peak, exactly as recently observed. We also suggest that the expected organic composition of the mantles injected could explain the presence at the cyanopolyyne peak of methylated chains, carbenes, and suboxides, as also being products of a mantle-driven chemistry. We conclude that this scenario not only produces the observed gradients at least as well as other previous models but also provides a comprehensive explanation of the organic diversity in TMC-1. Many deuterated molecules are observed in TMC-1 where their D/H ratios also exhibit a spatial gradient (Gue lin, Langer, & Wilson 1982) . There are two distinctive characteristics of our model that may have implications for understanding deuterium fractionation in TMC-1. First, if the ambipolar drift becomes more pronounced as one approaches the CP (Charnley 1998 ) the contribution of to gas phase D fractionation is greatly suppressed. H 2 DS econd, the D/H ratios of mantle molecules, particularly acetylene, must play an important part in setting the D/H ratios of the complex organics, particularly if is HC 3 N formed by the reaction as indicated by the CN ] C 2 H 2 observations of 13C-substituted by Takano et al. HC 3 N (1998) . We will consider deuterium fractionation elsewhere (Markwick, Millar & Charnley 1999, in preparation) . Finally, stimulated grain mantle removal and development of a rich organic chemistry, at about one ion-neutral damping length distant from a protostellar clump, may be a common but transient occurrence during the earliest epochs of low-mass star formation. Such gradients in molecular abundances should be observable wherever MHD waves disturb grains and, since the peak in cyanopolyyne and carbon-chain emission should be o †set from the source(s) of the waves, a search of the environments of known "" Class 0 ÏÏ sources may discover regions with chemistry similar to TMC-1. The cores surveyed in CCS, and HC 3 N, HC 5 N, by Suzuki et al. (1992) would appear to be excellent NH 3 candidates for initial high-resolution mapping studies. The agreement between the core sizes discovered in TMC-1 by Peng et al. (1998) and the damping lengths calculated here may indicate some physical link and that complex organic molecules have spatial distributions and clump sizes determined by ion-neutral damping.
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